ABSTRACT. The effect of the cyclooxygenase inhibitor, indomethacin, on choroidal (ChBF) and retinal (RBF) blood flow during hypercarbia was examined in 16 paralyzed and mechanically ventilated piglets less than 8 d old. The animals were randomly assigned to a control group (mean 2 SEM: wt, 1.66 2 0.1 kg; n = 8) that received a placebo infusion or to an indomethacin treatment group (wt, 1.68 f 0.2 kg; n = 8) that received an infusion of indomethacin (5 mg/kg i.v. over 30 min). Baseline ChBF and RBF were measured using radiolabeled microspheres in room air before and 15 min after the administration of placebo or indomethacin. Animals were then exposed to 30 min of hypercarbia (6-7% COz, arterial COz pressure 8-10 kPa) and measurements were repeated. There were no significant differences in RBF between control (40 2 3 mL/
ROP still remains a major problem in the premature infant. Despite the availability of sophisticated methods for monitoring arterial oxygen and carbon dioxide levels, the incidence of ROP has not been significantly reduced in recent years (1, 2).
Although hyperoxia is considered to be a major risk factor in the development of ROP (3), experimental data and clinical studies have also suggested that other factors, such as hypercarbia, may play a role in the development of ROP (4, 5) . This effect may be predicted by the increased ocular blood flow (6) (7) (8) and subsequent increase in oxygen tension found in the vitreous humor during hypercarbia (9) . To date, little is known about the mechanisms mediating changes of RBF and ChBF during hypercarbia. It has been suggested that cyclooxygenase by-products of arachidonic acid metabolism are important in maintaining normal retinal vascular tone (10) .
It is also known that these by-products of arachidonic acid metabolism play an important role in the alterations in blood flow associated with hypercarbia in many organs (1 1, 12). To the best of our knowledge, there are no reports studying the effects of cyclooxygenase inhibition on RBF and ChBF changes during hypercarbia.
The purpose of this study was to determine the role of cyclooxygenase by-products of arachidonic acid metabolism in the regulation of RBF and ChBF during hypercarbia in the newborn piglet.
MATERIAL AND METHODS
Sixteen piglets (57 d old) were anesthetized with ketamine (20 mg/kg, intramuscularly) and xylazine (2 mg/kg, intramuscularly) for surgical procedures. Lidocaine hydrochloride (0.5%) was used as the local anesthetic for surgical incisions. The animals were then sedated with chloral hydrate (1 00 mg/kg, intraperitoneally), which was repeated (50 mg/kg, intraperitoneally) every 2 h throughout the study period. Experimental trials were performed at least 2 h after administration of ketamine and xylazine.
The left femoral artery and vein were cannulated and used for ABP and blood gas measurements and infusion of maintenance fluids and drugs. A 3.5 F Argyle catheter (Shenvood Medical, St. Louis, MO) was placed in the left ventricle through the right femoral artery under fluoroscopic guidance and used for microsphere injections. The position of the catheter was later verified by autopsy The right brachial artery was also cannulated and used to withdraw blood at a constant rate to obtain reference blood samples. ABP was measured with pressure transducers (model P23-ID; Gould Instruments, Cleveland, OH) and recorded on a multichannel recorder (model 260, Gould Instruments).
All animals were tracheotomized, and a 4-or 4.5-mm endotracheal tube was inserted. The animals were ventilated with a time-cycled, pressure-limited ventilator (model IV-100B infant ventilator; Sechrist Industries, Anaheim, CA) and paralyzed with pancuronium bromide for the duration of the study, using an initial dose of 0.2 mg/kg i.v. followed by a continuous infusion of 0.4 mg/kg/h.
Rectal temperature was continuously monitored with a thermistor probe (Yellow Springs Instrument Co., Yellow Springs, OH), and skin temperature was maintained at 38.5"C by means of a servo-controlled radiant warmer. The animals received an infusion of 5% dextrose (6 mL/kg/h) throughout the study period.
This study protocol was approved by the Animal Care Committee of the University of Miami and was conducted in accordance with the guidelines of the National Institutes of Health.
BloodJow measurements. RBF, ChBF, and CBF were measured using the tracer microsphere technique (1 3). Microspheres (15 k 1 pm) labeled with l4'Ce, 46Sc (3M, St. Paul, MN), and li3Sn (NEN, Boston, MA) were administered in random order to each animal. Before injection, the microsphere solution was sonicated and vigorously shaken. Approximately 0.7-1.2. lo6 microspheres were injected into the left ventricle over a period of 20-30 s. A reference blood sample was continuously withdrawn from the brachial artery catheter 10 s before, during, and 60 s after microsphere injection at a rate of 0.97 mL/min, using a constant flow rate withdrawal pump (Harvard Apparatus, Millis, MA).
After the final blood flow determination, animals were killed, and the eyes and whole brain were removed. Each eye was dissected, and the retina and choroid were isolated; radioactivity content was counted separately. Radioactivity in the cerebral tissues, eyes, and blood samples was measured using a twochannel gamma counter (model 1 19 1 ; TM Analytic, Elk Grove Village, IL).
Blood flow to the various tissues was calculated with the equation Q = A, . QJA,, where A, and A, were the activities (cpm) in the tissue and reference blood, respectively, and Q, was the rate of withdrawal of the blood sample. Blood flow to each tissue was expressed per 100 g of tissue. CBF was calculated including the entire brain. All tissues and the reference blood contained more than 400 microspheres except for the retinal tissues, which contained 223 +-20 (mean & SEM) microspheres. Cardiac output was calculated from the same equation by substituting A, for the total activity injected. Total activity was calculated from the volume of the stock microsphere solution injected.
Experimentalprotocol. Sixteen newborn piglets were randomly assigned to either a control (n = 8; wt, 1.66 k 0.1 kg) or indomethacin group (n = 8; wt, 1.68 k 0.2 kg). A 30-min stabilization period was allowed after the animals were paralyzed. Baseline measurements of arterial blood gases, ABP, RBF, ChBF, and CBF were performed in room air (RA,). The animals were randomly assigned before the start of the experiment to a control group receiving a saline infusion or to a treatment group receiving indomethacin at a dose of 5 mg/kg i.v. over a 30-min period. All measurements were repeated 15 min after the end of the saline or drug infusion while the animals breathed room air (RA2). To induce hypercarbia (Paco2 between 8-10 kPa), a gas mixture of 6-7% COP (balance room air) was delivered via the ventilatory circuit for a period of 30 min. At the end of this period, all measurements were repeated. Hb concentration and hematocrit were obtained at the beginning and end of the experiment.
Data analyses. Repeated measures analyses of variance was used to compare variables studied between control and indomethacin groups. A p < 0.05 was considered statistically significant.
RESULTS
Arterial blood gases and pH are shown in Table 1 . Arterial 0 2 pressure values remained stable throughout the experiment.
Paco2 values did not differ within or between groups during RA1 and RA2. As expected, there was a similar increase in Pacoz levels and a decrease in pH during hypercarbia in both groups. Arterial blood pressure and cardiac output remained constant throughout the study periods and did not differ significantly within or between groups.
There were no differences in RBF between the two groups in RA1. However, there was a significant reduction in RBF (from RA, to RA2) after indomethacin infusion ( p < 0.02) (Fig. 1) .
This difference was also statistically significant between groups (p < 0.02). During exposure to hypercarbia, the RBF response differed significantly between the control and indomethacin groups ( p < 0.001). The increased RBF observed in the control group was blunted in the indomethacin group.
ChBF did not differ between the two groups at RAl and RA2 (Fig. 2) . During hypercarbia, the ChBF increased significantly only in the control group.
CBF values were similar in the control and indomethacin groups at RAl (Fig. 3) . However, there was a significant decrease in CBF after indomethacin administration at RA2. During hypercarbia, the CBF increased significantly only in the control group, whereas it returned to baseline in the indomethacin group.
DISCUSSION
The present study demonstrates that the resting vascular tone of the normal retina and the changes observed during hypercarbia are most likely mediated by cyclooxygenase by-products of arachidonic acid metabolism. This response was also seen in CBF, a finding previously reported by others (1 1, 12, 14) .
PG appear to be important modulators of retinal vasomotpr tone (15) (16) (17) (18) ; their infusion (PGEl, PGE2, PGFz, and PGI2) increases total ocular blood flow (1 8). Indomethacin administration to newborn piglets decreased the ocular blood flow. This was partially reversed by PG12, but not by PGE, and PGF2, administration (1 8). In addition, Bill (lo) demonstrated a small but significant decrease in RBF in adult rabbits breathing room air after indomethacin administration. However, in the present study, a more striking decrease in RBF was observed in the indomethacin-treated newborn piglets. The discrepancy in the magnitude of RBF response to indomethacin administration between the earlier study (10) and ours may be related to the differences in age and species of the studied animals. Furthermore, Chemtob et al. (18) have demonstrated that the majority of PG have vasodilator effects in the newborn period, whereas this does not seem to be the case in adult animals and humans (19, 20) . However, indomethacin is known to have other pharmacologic effects and to be a cyclooxygenase inhibitor (21) (22) (23) . It has been shown that indomethacin may act as a calcium antagonist (22) and that it also blocks angiotensin in the rabbit's arteries (21) . Because reduction of calcium causes vasodilation (24, 25) and angiotensin is a vasoconstrictor (25) , it appears that indomethacin administration would most likely result in vasodilation. Therefore, an increase in RBF would be expected, not a decrease as was noted in the present study. Also, indomethacin may act as a free radical scavenger, but this effect is only observed with higher doses of indomethacin than the one used in the present study (26) . However, we cannot rule out the possibility that the reduction in RBF after indomethacin infusion may in part be explained by effects other than on PG (27) , such as inhibition of histamine release (28) and enhancement of the lipoxygenase pathway (29, 30) .
Hypercarbia increases RBF (6, 7) because of a vasodilation of the retinal vessels (16, 3 1) . However, the mechanisms that regulate this vasodilation are not fully known. We hypothesized that the increase in retinal blood flow during hypercarbia is mediated by products of arachidonic acid metabolism. This hypothesis is supported by our results, inasmuch as the in~rease in RBF during hypercarbia was almost completely eliminated in the indomethacin-treated animals. The blunted RBF response to hypercarbia (32) demonstrated an increase in prostacyclin production by the retinal endothelium during hypercarbia in neonatal puppies.
Because indomethacin did not cause any change in ChBF in room air-exposed animals, by-products of arachidonic metabolism do not appear to play a significant role in the resting vasomotor tone of the choroid and may be of little importance in modulating the increase in ChBF during hypercarbia. Collectively, our findings suggest differences in the regulation of ChBF and RBF. This difference in ChBF and RBF response has been demonstrated previously (6) . Retinal and choroidal blood vessel walls have different anatomical structure and innervation (33) (34) (35) . The endothelial cells in the retinal vessels are joined by tight junctions and have basement membranes containing pericytes, characteristics of cerebral vessels, whereas the choroidal vessels walls are fenestrated without tight junctions (33) (34) (35) . Furthermore, the sympathetic and parasympathetic nervous system regulate ChBF but have little effect on RBF (35, 36) .
Although the measurements of PG levels in the vitreous humor would be desirable, we elected not to do this because repetitive puncture of the eye could change the ocular blood flow.
It is possible that anesthesia and sedation may influence ocular blood flow measurements, but similar doses of anesthesia and sedation were used in both groups, making this factor unlikely as a possible explanation for the differences between groups. IOP changes have only been shown with higher doses of ketamine than used in the present study (37, 38) . Furthermore, IOP has been shown to return to normal values within 1 h of drug administration. In addition, the half-life of ketamine is 2-3 h, and at least 2 h were allowed to elapse between the ketamine administration and the first measurements in the study. Neither xylazine nor chloral hydrate have been shown to affect IOP (39) (40) (41) .
Another factor that could have influenced the retinal blood flow measurements was the number of microspheres in this tissue (1 3, 42) . However, good reproducibility has been demonstrated in four successive CBF measurements even with an average number of microspheres of 26 per tissue sample (43) . Furthermore, Wicker et al. (44) showed that the coefficient of variance of coronary blood flow was 4 and 10% when both the tissue and reference blood samples contained > 1000 and > 100 microspheres, respectively. Therefore, the number of microspheres in the retina in the present study would be within these coefficients of variance.
In conclusion, the data from this study suggest that products of the arachidonic acid metabolism play an important role in maintaining normal resting retinal and cerebral vascular tone and in influencing retinal and cerebral vascular responses to hypercarbia. However, this pathway appears to be less important in controlling vasomotor tone in the choroidal vasculature.
